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HIVThe objective of this paper is to review phase behavior and shape characterization of cerebroside-rich
domains in binary and ternary lipid bilayers, as obtained by microscopy techniques. These lipid mixtures
provide a format to examine molecular (e.g. headgroup, tail unsaturation, and tail hydroxylation) and
thermodynamic (e.g. temperature and mole percentages) factors that determine phase behavior, molecular
partitioning, crystal/atomic scale structure, and microstructure/shape (particularly of phase-separated
domains). Microscopy can provide excellent spatial (often with high resolution) characterization of
cerebroside-rich domains (and their surroundings) to identify, describe or infer with high certainty these
characteristics. In the introduction to this review we review brieﬂy the molecular structure, phase behavior,
and intermolecular interactions of cerebrosides, in comparison to ceramides and sphingomyelins and in
some binary and biological systems. The bulk of the review is then devoted to microscopy investigations of
cerebroside-rich domain microstructure and shape dynamics in binary and ternary (one component is
cholesterol) systems. Quantitative and/or high-resolution microscopy techniques have been used to
interrogate cerebroside-rich domains such as freeze-fracture electron microscopy, atomic force microscopy,
imaging elipsometry, two-photon ﬂuorescence microscopy, and LAURDAN generalized polarization in
addition to the laboratory workhorse technique of epiﬂuorescence microscopy that allows a quick often
qualitative assessment of microstructure and dynamics. We particularly focus on the information these
microscopy investigations have revealed with respect to phase behavior, cholesterol partitioning, domain
shape, and determinants of domain shape.
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Cerebrosides are double-tailed ceramide (Cer) lipids bound in
glycosidic linkage through the primary hydroxyl to either of two+1 530 752 1031.
ll rights reserved.monosaccharides (galactose or glucose). This reviewwill include only
membrane domains rich in the former, galactocerebrosides, com-
monly referred to as simply cerebrosides or galactosylceramide
(GalCer) lipids. The latter are referred to as glucocerebrosides or
glucosylceramide (GlcCer) lipids. The presence of a 2-hydroxy acyl
chain is found in approximately 40–60 mol% of naturally occurring
cerebrosides [1]. In comparison to cerebrosides, sphingomyelins have
a phosphorylcholine group bound to the ceramide lipid. Cerebrosides,
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natural sources. These are all referred to as sphingolipids because of
the presence of the sphingosine base (an 18-carbon amino alcohol
with a carbon double bond adjacent to the secondary hydroxyl).
Cerebrosides make up approximately 20% of the lipid of themyelin
sheath of nerve tissue [2,3], which acts as a multilamellar insulator
around axons, allowing fast conduction of electrical impulses.
Effective conduction of nerve impulses is quite speciﬁc to the presence
of GalCer; replacement in knockout mice by GlcCer results in
conduction similar to unmyelinated axons [4]. Cerebrosides are also
found in signiﬁcant quantities in the epithelial cells of the small
intestine and colon [5] and in the granular layer of the epidermis of
skin [6]. Cerebrosides have been studied for their anti-HIV properties.
Indeed, it has known since the mid 1990s that the HIV envelope
glycoprotein (Env) binds to GalCer [7]. This interaction is fairly
speciﬁc to galactose demonstrated by the inactivity of GlcCer in
binding HIV Env [8].
For cerebrosides, like other monoglycosylceramides, the order–
disorder transition temperature Tm is essentially independent of acyl
chain length [9]. However the presence of a 2-OH group in the acyl
chain lowers the Tm. For example, 18:0-nonhydroxy fatty acid
(NFA)-GalCer and 18:0-2-hydroxy fatty acid (HFA)-GalCer exhibit
Tm at 83 °C and 70 °C, respectively [9]. Cerebrosides extracted from
Bovine brain tissue (bb cerebrosides) exhibit a broad transition with
a Tm of 67 °C [10,11] reﬂecting primarily a mixture of 2-hydroxylated
(∼60%) and non-hydroxylated GalCers, but also to a smaller degree a
mixture of different chain lengths and saturated and unsaturated
lipids. Any unsaturated lipids are primarily mono-unsaturated [12].
In addition, it appears that all monoglycosylceramides exhibit
metastable gel states mediated by inter-lipid hydrogen bonding
[13]. Curaloto [14] suggested that a function of the 2-OH group in
brain cerebrosides may be to eliminate one of these metastable
states where dehydration in cerebroside-rich membranes occurs
close to body temperature [13]. Cerebrosides and other monoglyco-
sylceramides have exceptionally high Tm values as a result of the
extensive hydrogen bonding capability of the saccharide headgroup
[9,15]. The crystal structure of a synthetic GalCer molecule (in the
presence of ethanol) displayed a bilayer arrangement, with the plane
of the sugar ring almost parallel to the bilayer plane [15]. The lateral
hydrocarbon chain packing was of a hybrid type (HS2). Maggio and
coworkers [16] have recently provided a discussion of the biophy-
sical properties of glycosphingolipids.
In comparison, sphingomyelins contain a ceramide backbone,
similar to cerebrosides, but with a phosphorylcholine group replacing
the saccharide group. Sphingomyelins have an amide linkage in the
ceramide backbone, which is capable of acting as a hydrogen bond
donor [9]. Similar to cerebrosides, synthetic sphingomyelins with a
single acyl chain type exhibit phase metastability [17,18], and a
dependence of Tm on acyl chain length, which is signiﬁcantly weaker
than that of the phosphatidylcholines (PCs) [19]. However, sphingo-
myelins have much lower Tm values compared to single-chain length
cerebrosides e.g., 85 °C for N-palmitoyl-GalCer [20] compared to 41 °C
for N-palmitoyl-sphingomyelin [21,22]. Similar to cerebrosides, self-
assembling ceramide structures have a high Tm due to strong
intermolecular interactions (mainly hydrogen bonds) promoted by
the small headgroup allowing close interaction of the ceramide
headgroups. For example, 16:0-NFA-ceramide exhibits a broad
exothermic transition at approximately 50–70 °C [23].
Studies of binary mixtures containing cerebrosides are limited.
Curoloto [24] used DSC to develop a phase diagram for hydrated
bilayers of 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) and bb
cerebrosides. This system displayed monotectic behavior similar to
other binary systems with widely varying Tm values (e.g. dilauryl
phosphatidylcholine (DLPC)/distearoyl phosphatidylcholine (DSPC))
[25], i.e. upon cooling the bilayer transitioned from one liquid-
disordered phase to coexistence of a liquid-disordered and solid-ordered like phase present at most POPC/bb cerebrosides ratios and
most physiologically relevant temperatures. The ﬂatness of the
solidus transition indicates that POPC and bb cerebrosides are nearly
completely immiscible in the gel state similar to DLPC/DSPC.
Similarly, Magio et al. [26] found that bb cerebrosides were
immiscible with DPPC in the gel state at bb cerebrosides contents
up to 46 mol%. Interestingly, the phase diagram resembles a eutectic
where (from ∼0 to ∼46%) one well-mixed liquid-disordered phase
exists, and upon cooling transitions directly to two solid-ordered
phases at approximately 41 °C. Ruocco and Shipley [27] used DSC and
X-ray diffraction to derive a phase diagram for hydrated mixtures of
16:0-NFA-GalCer and cholesterol. Upon cooling below ∼40 °C, the
mixture transitioned from a glycolipid/cholesterol liquid crystalline
phase (presumably a liquid-ordered phase) to a state of immiscibility
of 16:0-NFA-GalCer and cholesterol. However, it must be recognized
that 16:0-NFA-GalCer has a higher Tm than an extract such as bb
cerebrosides; if 16:0-NFA-GalCer were replaced by bb cerebrosides
this ∼40 °C transition temperature might be decreased signiﬁcantly.
Several studies have scrutinized the ability of cerebrosides to
promote liquid-ordered domain formation in ternary systems e.g.
[27–30]. Comparison between these studies can be difﬁcult because of
differences in lipids, component ratios, characterization methods, and
sample preparation methods (such uncertainties are reviewed in
[31]). However, the general consensus appears to be that sphingo-
myelin promotes liquid-ordered domain formation more effectively
than monoglycosylsaccharides, including cerebrosides. At the same
time, a number of studies on model systems have indicated that both
sphingolipid structure and co-lipid characteristics are important
determinants in interaction preferences of cholesterol [32]. Recent
studies indicate that glycosphingolipids in biological membranes
participate in cholesterol-dependent and cholesterol-independent
“raft” and domain formation; in particular cholesterol-independent
glycosynapses (glycosignalling domains) participate in cell–cell
interaction and recognition [33–36]. In addition, in B16 melanoma
cells, similar amount of detergent-resistant membrane (usually
assumed to be liquid-ordered) was isolated from B16 melanoma
cells with a normal sphingomyelin/glycosphingolipid ratio or in
which glycosphingolipid has been replaced (through mutation) by
sphingomyelin [37] inferring that cholesterol can interact as favorably
with glycosphingolipids as sphingomyelins.
In addition to the studies discussed above, several microscopy
studies have been performed on binary and ternary mixtures
containing cerebrosides. We will cover these microscopy studies
[1,38–44] here. The microscopy work is generally fairly recent and
addresses questions with respect to cerebroside phase behavior,
cholesterol preference, and domain microstructure. In addition, the
work addresses broader issues regarding intermolecular interactions
in lipid mixtures and the impact of thermodynamic and diffusional
processes in domain shape. The techniques used in these studies are
primarily epiﬂuorescence microscopy, freeze fracture microscopy,
atomic force microscopy, imaging elipsometry, two-photon ﬂuores-
cence microscopy ,and LAURDAN generalized polarization.
2. Binary mixtures
2.1. Domain phase and shape
Phase separation in PC/cerebrosides lipid bilayers has been
investigated using imaging techniques. Blanchette et al. [38] formed
giant unilamellar vesicles (GUVs) of DLPC/bb cerebrosides (1/1 and
3/1 mol/mol), at room temperature, that included 1 mol% of the
ﬂuorescent dye NBD-PC. Micron-scale dark domains on each GUV
were generally observed by ﬂuorescence microscopy. These domains
were leaf-like in shape (Fig. 1, 0% chol), rotated as rigid bodies and
did not coalesce upon contact or become signiﬁcantly rounded over
viewing times of approximately 1 hour. Leaf-shaped domains with
Fig. 1. Representative epiﬂuorescence images showing the domain shapes of GUVs composed of DLPC (50 mol%)/bb cerebrosides/cholesterol with increasing mol% of cholesterol.
Inset 30 mol% cholesterol at room temperature (∼23 °C). Scale bar 10 μm. Reprinted from [38], copyright (2006) with permission from Biophysical Journal published by Elsevier.
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approximately 2/1 (mol/mol) POPC/bb cerebrosides and 2/1 (mol/
mol) dioleoyl phosphatidylcholine (DOPC)/bb cerebrosides (Fig. 2a
and b, 0 mol% cholesterol), at room temperature, containing 1 mol%
NBD-PC. Since NBD-PC partitions weakly with sphingolipids com-
pared to the other lipid species used here [45,46], cerebroside-
enriched domains appear dark gray in ﬂuorescent images. Typically
in liquid-disordered/solid-ordered phase coexistence in GUVs solid-
ordered domains rotate as rigid bodies, and do not coalesce with
each other upon contact as described previously [47]. Solid-ordered
phase domains do not merge due to the existence of repulsive
interactions [47]. This interpretation of the liquid-disordered/solid-
ordered phase separation at room temperature for POPC/bb
cerebrosides is in agreement with Curatolo [24]. In addition, these
visual observations indicate that DLPC/bb cerebrosides and DOPC/
bb cerebrosides also form phase separated liquid-disordered/solid-
ordered lipid bilayers at room temperature. The PC lipids chosen
(DLPC, POPC, DOPC) have Tm values (−1 °C, −2 °C, −20 °C
respectively) widely separated from bb cerebrosides (reported as a
broad transition at 67 °C [24]) and therefore liquid-disordered/
solid-ordered phase separation at the chosen compositions is
expected. Quantitatively based upon the lack of ﬂuorescence
intensity in the domains, it was determined that the cerebroside-
rich domains in GUVs were symmetric [39]; in other words, they
comprised opposing leaﬂets of cerebrosides. This ﬁnding of domain
symmetry is consistent with all other observations of lipid domains
in GUVs (e.g. [48–51]), to the best of our knowledge.
More recently, Fidorra et al. [40] visually investigated the phase
behavior of GUVs of POPC/porcine brain (pb) cerebrosides at room
temperature for comparison to their previous observation of phase
behavior of POPC/pb ceramides. GUVs were formed with different
POPC/pb cerebroside ratios and several different ﬂuorescence dyes
were incorporated. Two-photon excitation microscopy imaging was
used to determine the general polarization (GP) of an incorporated
LAURDAN dye. For an explanation of LAURDAN GP see [52]. LAURDAN
GP has been shown to be a strong indicator of the polar environment
of the dye and quantitatively can be used to indicate the phase of the
lipids surrounding the dye. Leaf-shaped and elongated lipid domains
were found (Fig. 3) with high GP values (∼0.6) between 10 mol% and
70 mol% pb cerebroside with intervening regions of low GP values
(∼−0.3). It was concluded that these mixtures display liquid-
disordered/solid-ordered phase coexistence in agreement with GP
values observed previously in lipid mixtures [48,49,53]. LAURDAN
displayed lowered ﬂuorescence intensity in the domains, a photo-
selection effect (see Fidorra et al. [40] for an explanation) which is
indicative of the solid-ordered phase. It was shown that NBD-PC and
DiIC18 dyes partition strongly to the liquid-disordered regions and
GM1 partitions strongly to the solid-ordered regions as detected by
binding of Alexa 488 cholera toxin. It was pointed out that this
labeling scheme can be applied for epiﬂuorescence or confocal
microscopy. The solid-ordered domains spanned the lipid bilayer,
independent of the pb cerebrosides molar fraction. DSC data showed
that the two components aremiscible from approximately 80mol% pb
cerebrosides. The phase behavior is in general agreement withprevious ﬁndings by Curatolo [24] and Lin et al. [39] for POPC/bb
cerebrosides. Fidorra et al. [40] concluded that they could incorporate
much more (90 mol%) pb cerebrosides compared to pb ceramides
(25 mol%), a consequence of differences in packing parameter.
Qualitatively, they concluded that the elongated domain shapes
were similar between the pb cerebrosides and pb ceramides as a
possible consequence of the formation of intermolecular hydrogen
bonds in both species.
The shapes of solid-ordered domains in GUVs are generally
regarded to reﬂect the underlying crystal structure of the lipid
bilayers. For example, it has been shown that stripe/linear domains
reﬂect a Pβ′ ripple phase, hexagonal domains reﬂect a tilted Lβ′ phase,
and rounded domains (that are often aggregated together) reﬂect
crystalline structure with no long-range order [54]. Presumably, it is
the way in which these domains are formed, i.e. by a slow-cooling
process (∼0.25 °C/min) that fosters the formation of domain edges
that reﬂect the underlying crystalline structure. In other words, the
edge diffusion of lipids is fast compared to the domain growth rate. It
is difﬁcult to speculate, from the domain structures observed in the
works described above, about the crystal structure of bb cerebroside
and pb cerebrosides. The cerebroside-rich domains do not clearly
display the stripe, hexagonal, or round shapes observed in previous
works on domains of PC lipids and PS lipids [54–56]. In addition, the
GUVs containing cerebrosides were all prepared/cooled in sucrose
solutions which have been shown to signiﬁcantly impact domain
crystallization because the membrane is under tension during the
cooling process [56]. (During cooling, the vesicle volume would
shrink, but osmotic pressure counteracts the shrinkage.) The
differences in domain morphology between bb cerebrosides, leaf-
like, and pb cerebrosides, leaf-like and elongated, may possibly stem
simply from differences in sucrose concentrations used to prepare the
GUVs (100 mM vs. 200 mM).
Interestingly, Brown et al. [1] observed a macro-ripple phase in
larger multilamellar vesicles of POPC/(40 mol%–80 mol%) bb
cerebrosides by freeze-fracture electron microscopy (Fig. 4). The
macro-ripple phase occurring in POPC/cerebrosides dispersions
displayed a wavelength of 100–110 nm whereas the Pβ′ ripple
phase displays two types of corrugations, one with a wavelength of
12–15 nm and the other with a wavelength of 25–35 nm. In addition,
a less organized type of rippling structure appeared occasionally at
10–20 mol% bb cerebrosides. The lever rule applied to Curaloto's
POPC/bb cerebrosides phase diagram [24] at equimolar POPC/bb
cerebrosides indicates that the cerebroside-rich phase contains
15 mol% POPC. Therefore, the authors concluded that the macro-
ripple phase arose as a metastable phase in the cerebroside-rich
domains inﬂuenced by the spontaneous curvature of the cerebro-
sides that have a tendency to form lipid tubules and cochleate
cylinders. More speciﬁcally, it has been suggested that the charac-
teristic morphologies of these solid-ordered bilayer domains reﬂect
the relaxation of a frustrated lipid packing state [57]. Brown et al. [1]
found that 100% hydroxylation of the 2-acyl chain, or lack of
hydroxylation of the 2-acyl chain, eliminated the formation of the
macro-ripple phase. Recall that bb cerebrosides are a mixture of 2-
hydroxy acyl chains and 2-nonhydroxy acyl chains (reported in
Fig. 2. Area to perimeter ratio (A/P) of cerebroside-rich domains as a function of
cholesterol mol% and comparisons between SLBs and GUVs at room temperature
(∼23 °C). At each point of interest (indicated by an arrow), a ﬂuorescent image of a GUV
and/or an AFM image of a SLB is presented. Each image is 20 μmby 20 μm except DLPC/
GalCer/(8 mol%) cholesterol is 10 μm by 10 μm. Label for phases: L+S, liquid–solid
coexistence; L+L, liquid–liquid coexistence; L, one liquid phase. (a) DOPC/bb
cerebrosides/cholesterol mixture. Note that there are two GUV images shown for
DOPC/bb cerebrosides/(8 mol%) cholesterol bilayer. (b) POPC/bb cerebrosides/
cholesterol mixture. (c) DLPC/bb cerebrosides/cholesterol mixture, solid line and
data points. For easy comparison between different mixtures, A/P curves of DOPC
mixtures (dot line) and POPCmixtures (dash–dot line) are also presented. Adapted from
[39], copyright (2007) with permission from Biophysical Journal published by Elsevier.
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Avanti Polar Lipids, Alabaster, AL).
An open question is whether the macro-ripple phase is present in
cerebroside-rich domains of GUVs and whether this phase can
inﬂuence domain morphology. In order to answer this question,
freeze-fracture electron microscopy could be applied to PC/cerebro-
sides GUVs to look for the macro-ripple phase. In addition,
ﬂuorescence microscopy could be applied to identify a characteristicdomain shape. However, ﬁrst the expected shape of a lipid domain of
the macro-ripple phase would need to be determined. This could be
answered by studying by ﬂuorescence microscopy GUVs of DPPC and
branched chain phosphatidylcholine mixtures that have been shown
to form a macro-ripple phase [57]. In addition, since the domain
morphology may be inﬂuenced by the presence of sucrose [56], the
shapes of domains of PC/cerebroside GUVs should be re-examined in
pure water.
2.2. Determinants of domain shape
In addition to the underlying long-range crystalline order, domain
shape and size can be inﬂuenced by the crystallization conditions.
Temperature and composition controls the crystallization mechanism
(nucleation and growth vs. spinodal decomposition) and rate of these
processes [58]. These mechanisms and rates can strongly inﬂuence
the domain shape and size, often to the extent that only edge diffusion
and lipid exchange between domains, slow processes for crystalline
lipids, can relax the shape toward equilibrium. The size scale of
interest for these processes ranges from nanometers to micrometers.
Therefore, it is of interest to use a high-resolution imaging technique,
such as atomic force microscopy (AFM), to study domain shape and
formation. By AFM, the best resolution of microstructure in lipid
bilayers can be obtained by imaging supported lipid bilayers (SLBs)
deposited onto atomically smooth mica. Atomic force microscopy
(AFM) provides the high resolution necessary, but very high
resolution images typically require minutes to capture. Therefore a
trade-off is generally struck between resolution and speed with
standard AFM technology.
Blanchette et al. [41,42] performed a thorough AFM study of the
nucleation and growth (and concomitant shape) of bb cerebroside-
rich domains in SLBs of DOPC/bb cerebrosides (deposited onto mica).
Interestingly, earlier studies by the authors had shown that bb
cerebroside domains in SLBs are distributed asymmetrically, specif-
ically only in the distal leaﬂet, of mica-SLBs [38,39]. This was
speculated to be a consequence of strong inner-leaﬂet partitioning
of cerebrosides in the small unilamellar vesicles, as documented
previously [59,60], used to form the SLBs. The strong inner-leaﬂet
partitioning of cerebrosides was related by Mattjus and coworkers
[59] to the less cylindrical shape of the cerebrosides (in comparison to
PCs) attributed to an uncharged and moderately hydrated polar
headgroup. Therefore, the study could compare the nucleation and
growth of asymmetrically distributed cerebroside-rich domains to
symmetrically distributed DSPC-rich domains. Very slow temperature
ramps (0.1 °C/min) were used during AFM imaging to determine the
liquidus temperature (Ttrans) of the two binary lipid compositions,
DOPC/DSPC (3/2 mol/mol) and DOPC/bb (3/2 mol/mol) cerebro-
sides prior to undercooling experiments. Ttrans was determined to be
44±0.5 °C and 43±0.5 °C, respectively. Interestingly, The Ttrans value
for bb cerebrosides compares well to the value for Tm given in the
phase diagram for POPC/bb cerebrosides by Curaloto [24] and to the
Tm value determined in Fidorra et al. [40] for POPC/pb cerebrosides at
the same mole ratios. To study lipid domain nucleation and growth
and quantify physical parameters of nucleation and growth as a
function of temperature and symmetry state, SLBs were undercooled
(also referred to as ΔT=Ttrans−T) to various temperatures below
Ttrans and imaged during lipid domain nucleation and growth.
At increasing ΔT, an increase in nuclei density and nucleation rates
was observed [41,42] (Fig. 5) as predicted by classical nucleation
theory [61]. According to the CNT, interfacial line tension, γ, between
a crystallizing phase and the surrounding medium controls the rate of
nucleation in supercooled solutions. For steady state nucleation the
nucleation rate, J, is described by the following equation [61]:
J = αexp
−ΔG4
kbT
 
ð1Þ
Fig. 3. Representative two photon excitation ﬂuorescence images showing domains of GUVs composed of POPC with different amounts of pb cerebrosides (GlyCer) at 20 °C. (Top
row) LAURDAN ﬂuorescence intensity images (false color representation) obtained with the two emission channel conﬁguration. Green color corresponds to liquid disordered phase
domains, red color corresponds to solid ordered phase domains. There is a strong photoselection effect in the solid ordered phase. (Bottom row) Computed LAURDAN GP images. The
red areas correspond to high (solid ordered) GP values. Scale bar=20 μM. Reprinted from [40], copyright (2009) with permission from Biophysical Journal published by Elsevier.
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from the melt is, ΔG⁎=πγ2agTm/ΔHΔT for asymmetric domain
nucleation and πγ2agTm/2ΔHΔT for symmetric domain nucleation,
where ag is the molar area of the solid ordered phases and ΔH is the
enthalpy of the phase transitions of the DSPC and bb cerebroside
respectively [11,25,62–64]. During crystallization individual nuclei
appeared, of ﬁxed height, followed by their growth, whilemaintaining
the same height, which is characteristic of nucleation and growth
rather than spinodal decomposition. By applying classical theory of
nucleation to the DSPC-rich and bb cerebroside-rich domain nucle-
ation rates, line tension, γ, was determined. From this analysis, γ for
symmetric DSPC-rich domains and asymmetric bb cerebroside-rich
domains was calculated to be 4.3±0.5 pN and 1.7±0.25 pN,
respectively. Interestingly, these values were in agreement, within
the same order of magnitude with theoretical analysis [65] and in
close agreement to experimental measurements employing shape
analysis of lipid domains of GUVs held in micropipettes [66]. In
addition, the relative magnitude corresponded fairly accurately withFig. 4. Surface morphology of aqueous POPC/(50 mol%) bb cerebrosides MLVs by
freeze-fracture electron microscopy. Large MLV clearly displays the macro-ripple phase
pattern. Image is 3.5 μm by 3.5 μm. Samples were quick-frozen from room temperature
(∼22 °C) by plunging into liquid propane. Adapted from [1], copyright (1995) with
permission from Biophysical Journal published by Elsevier.the different hydrophobic mismatches between these symmetric and
asymmetric domains, 1.8 nm and 0.9 nm respectively.
Subsequent studies by Blanchette et al. [42] focused on under-
standing the effect of domain symmetry on the second stage in the
formation of lipid domains; the kinetics of lipid domain growth [42].
Domain growth is a two-step process; lipid that is added to the
growing domain boundary must ﬁrst diffuse to the growing domain
boundary and then bind (can be thought of as a reaction) to the
growing domain boundary. Using the same binary lipid systems
described above (DOPC/bb cerebrosides and DOPC/DSPC), the
fraction (χgel) of bb cerebrosides or DSPC that had solidiﬁed from
the liquid-disordered phase as a function of time were determined
through analysis of domain area in AFM images during domain
growth [42]. Kinetics of domain growth was quantiﬁed using a
reaction-diffusion model of form:
χgel = 1−exp− kt
n  ð2Þ
The calculated values for the kinetic exponent, n, showed that the
mechanism controlling domain growth depends on lipid composition
and temperature, where symmetric DSPC domain growth at ΔT of 1 °C
and 3 °C was reaction-limited (n∼2), asymmetric bb cerebroside
domain growth at ΔT=5 °C was diffusion-limited (n∼1), and growth
for the remaining ΔT values were controlled by both diffusion and
interfacial reactions (n: 1.3–1.5). In agreement with the kinetic
analysis, differently shaped microstructures, from discs to leaves,
(characterized by a shape factor S=P2/4πA, P—domain perimeter,
A—domain area) grew for each of these cases (Fig. 6). As noticed ﬁrst
by Giocondi et al. [67] symmetric domain growth is slow because
growthonly occurswhere lipids in both leaﬂets arrive at the same time
to the growing domain. Even by using the lowest ΔT (ΔT=1 °C)
reasonably achievable this work found that it was not possible to
access the slow growth, reaction-limited, regime in the DOPC/bb
cerebroside SLBs due to the asymmetric, thus fast growth, nature of the
bb cerebroside domains. Therefore, slower growing symmetric
systems such as GUVs carefully prepared as in ref. [54], are probably
necessary to assess equilibrium cerebrosides domain microstructures
in binary liquid-disordered/solid-ordered systems, and ultimately use
shape to study the underlying crystal structure and hydrogen bonding.
It was also found that the leaf-like microstructure for bb cerebrosides
in SLBs became noticeably more compact over a time-span of hours
when held at a lowΔT value [42]. Thesemorphology changes aremost
likely occurring through edge diffusion, where interfacial lipids
located at high-energy lattice positions diffuse to lower energy
positions. Therefore, an annealing step, holding at ΔT for several
Fig. 5. Effect of ΔT on nucleation rates. ΔT is the difference between the liquidus temperature and nucleation temperature. AFM images of bb cerebrosides domain density
after completion of nucleation and initiation of growth demonstrate that signiﬁcantly higher nucleation rates occurred for higher ΔT values. SLB composition is DOPC/bb
cerebrosides (6/4 mol/mol). Scale bar 5 μm. Reprinted with permission from [41]. Copyright 2007 American Chemical Society.
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shapes for cerebrosides in SLBs.
The cooperativity of the order–disorder transition of bb cerebro-
sides in DOPC/bb cerebrosides mixture has been studied by Blanch-
ette et al. [42] and Szmodis et al. [43]. It is well-known that lipid phase
transitions are cooperative and that lipids transition as clusters; for a
single component bilayer, the cooperative cluster size is estimated as
18–75 lipids, in which the transitions occur over 1–3 °C [68]. In fact,
the broader transition temperature range observed for binary systems
(∼20 °C) [25] supports the notion of smaller cluster sizes. One would
expect the diffusion coefﬁcient (D) of a cluster to be less than that of a
single lipid due to the increased hydrodynamic drag. The D value of bb
cerebroside lipids diffusing to the growing domains was calculated by
Blanchette et al. [42] to be 0.20 μm2/s by using a diffusion-limited
growth model employing the k value from Eq. (2). For comparison, a
single lipid probe diffusing in a single component liquid-disordered
SLB, D is expected to be in the range of 1–10 μm2/s [69–71]. The
cooperative cluster size of the bb cerebroside lipids was estimated to
be 2–25 distal leaﬂet lipids based upon the inverse relationship
between D and cross-sectional area of the cluster. The cooperative
cluster size for bb cerebrosides is in agreement with Szmodis et al.
[43] who used binary SLBs and applied a different analytical andFig. 6. Effect of ΔT on shape as characterized by the average shape factor, S=P2/4πA, of
the domains. Inset scale bar 5 μm. DSPC domains (gray data points) and bb cerebrosides
(GalCer) domains (black data points). Note, bb cerebroside domains have higher shape
factors because they are asymmetrically distributed in the bilayer, resulting in fast
growth compared to diffusion of GalCer to the growing domain (diffusion limited).
Reprinted with permission from [42]. Copyright 2008 American Chemical Society.experimental approach. In their work, domain growth in DLPC/bb
cerebrosides (10/1 through ∼2/1 mol/mol) SLBs were characterized
by imaging elipsometry and AFM imaging. The temperature was
slowly (∼0.1 °C/min) ramped down andχgel was determined at every
0.1 °C. An equation of the van't Hoff form was applied to this data for
determination of ΔHvH. The cooperative cluster size was estimated to
be 4–20 distal leaﬂet lipids by comparing ΔHvH to ΔHt determined by
calorimetry. Similar to the previous work, Szmodis et al. [43] found by
imaging elipsometry that the domain shapes were leaf-like (Fig. 7),
indicating that the growth was strongly inﬂuenced by diffusional
limitations. They estimated an average fractal dimensions (D) of
approximately 1.62 corresponding well with a value of 1.67 derived
previously for a triangular lattice of particles undergoing diffusion
limited aggregation in two dimensions [72,73].
In order to further understand the details of leaﬂike, i.e. fractal,
shapes generated in the diffusion-limited domain growth of bb
cerebrosides, we examine a more recent paper by Bernchou et al. [74]
who studied the mechanistic details of diffusion-limited domain
shape in a DOPC/DPPC (1/1 mol/mol) binary SLB. The temperature
was ramped down (0.15–3.5 °C /min) and epiﬂuorescence micros-
copy was used to identify the location of domain nucleation and
characterize domain area, asymmetry of shape, and orientation. The
authors found that the area, asymmetry of shape, and orientation of
each domain was closely correlated to a Voronoi polygon associated
with each nucleation site. Each Voronoi polygon deﬁnes all points that
are closest to an individual nucleation site. The Voronoi construction
has been used successfully to describe epitaxial island growth [75,76].
Each Voronoi polygon describes a “capture zone” of adatoms for the
corresponding “island” [75]. Interestingly, the authors found, through
careful image analysis, that approximately half of the nucleation sites
were ﬁxed (heterogeneous) and half were not ﬁxed (homogeneous).Fig. 7. Ellipsometrically derived thickness map a for a DLPC/bb cerebrosides (65/
35 mol/mol) bilayer displaying leaf-like (fractal) domains. Reproduced from [43] by
permission of The Royal Society of Chemistry (RSC).
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previous studies discussed in this section that all claim homogeneous
nucleation. Therefore a picture emerges where the overall domain
growth pattern is controlled by the rates of two competing processes
(reaction and diffusion) that result in compact (reaction-limited) or
extended (diffusion-limited) patterns and the details of the pattern
are controlled by the shape of the capture zone, nucleation locations,
and nucleation density. This simplistic description does not include
line tension and edge diffusion, the restoring force and rate processes
that drive the domain toward a shape closely reﬂecting its underlying
crystal structure.
3. Ternary mixtures
3.1. Domain phase, miscibility, and shape
Phase separation in PC/cerebrosides/cholesterol ternary lipid
bilayers has been investigated using imaging techniques. Blanchette
et al. [38] and Lin et al. [39] formed GUVs contained bb cerebro-
sides, cholesterol, and a different PC lipid that varied in level of
chain unsaturation (DLPC=saturated, POPC=1 midchain unsatura-
tion, DOPC=2 midchain unsaturations). Thus the PC lipid compo-
nent was systematically changed to modulate the strength of the
cholesterol-PC lipid interaction (DLPCNPOPCNDOPC) according to
the literature [77–83]. The POPC and DOPC mole percentages were
maintained at 65% and the DLPC mole% was maintained at 50 mol%,
plus 1 mol% NBD-PC for ﬂuorescence imaging at room temperature.
For all ternary mixtures as GUVs, when the cholesterol content was
below 8 mol%, liquid-disordered/solid-ordered phase coexistence
was observed in which solid-ordered domains rotated as rigid
bodies, and did not coalesce with each other upon contact as
described previously [83]. Interestingly, at 3 mol% cholesterol in
POPC mixtures, the solid-ordered domains on these GUVs displayed
irregular shapes and blurry boundaries (Fig. 2b). It was speculated
that the domains on the GUV surface were actually composed of
many smaller domains in close proximity, giving the appearance of
a larger domain structure.
For (DOPC or POPC)/bb cerebrosides/cholesterol at 8 mol%
cholesterol, two populations of GUVs coexisted (Fig. 2a). Besides the
ones that displayed liquid-disordered/solid-ordered coexistence,
there were GUVs that exhibited typical liquid-disordered/liquid-
ordered coexistence behavior (as characterized in GUVs by Veatch et
al. [47,84]) in which domains were large, circular, and with soft
boundaries. This behavior is indicative of a three-phase regionwith all
phases in coexistence. When the cholesterol concentration was
10 mol% and greater, liquid-disordered/liquid-ordered coexistence
was the most prominent phase behavior observed. Therefore, it was
concluded that for (DOPC or POPC)/bb cerebrosides/cholesterol
GUVs, the transition from liquid-disordered/solid-ordered to liquid-
disordered/liquid-ordered phase coexistence occurred around 8mol%
cholesterol. These components were miscible at 25 mol% cholesterol
(65/10/25 mol/mol) and 20 mol% cholesterol (65/15/20 mol/mol)
for DOPC-containing and POPC-containing mixtures respectively.
However, for DLPC/bb cerebrosides/cholesterol at ≥8 mol%, the
GalCer domains continued to behave as expected for solid-ordered
phase until 30 mol% cholesterol (50/20/30 mol/mol) where
miscibility was observed. Therefore, DLPC/bb cerebrosides/choles-
terol displayed only liquid/solid phase coexistence (b30 mol%) and a
single liquid phase (≥30 mol%). At 10–20 mol% cholesterol a rigid
network morphology (Fig. 1) was observed and at 25 mol% the
domains became numerous and circular (Fig. 1) but they did not
coalesce into larger domains. The differences in phase behavior were
related to the strength of the cholesterol-PC lipid interaction
(DLPCNPOPCNDOPC) according to the literature [77–83] which was
concluded to determine the preference of cholesterol for the PC rich-
region vs. bb cerebroside domains.Interestingly, the miscibility compositions for all of these mixtures
agree fairly well with the literature for DOPC/palmitoyl (and egg)
sphingomyelin/cholesterol according to provided ternary phase dia-
grams at roomtemperature [84,85]. The agreement appears to bebetter
in comparison to POPC/palmitoyl sphingomyelin (PSM)/cholesterol,
where miscibility would occur at signiﬁcantly lower cholesterol
concentrations. The agreement with the DOPC/PSM/cholesterol can
be understood in terms of the wide separation in the Tm values of DOPC
(−20 °C) and PSM (40 °C) [22] and similarly wide separations in the
main phase transitions of DOPC, POPC, and DLPC (−20 °C,−2 °C, and
−1 °C) and bb cerebrosides (67 °C) [24]. In comparison, the Tm of POPC
(−2 °C) and PSM (40 °C) are close in value. Therefore, the region of
immiscibility in a ternary phase diagram is much narrower. The Tm or
composition of egg sphingomyelin (ESM) is not given but it is likely,
based on thewide region of immiscibility indicated in the ternary phase
diagram and the relative insensitivity of Tm to chain length in
sphingomyelin, that its Tm value is at least as high as 40 °C.
More recently, Fidorra et al. [40] visually investigated the phase
behavior of GUVs of POPC/pb cerebrosides/cholesterol at room
temperature for comparison to their previous observation of phase
behavior of POPC/pb ceramides/cholesterol. GUVs were formed with
the POPC/pb cerebrosides ratiomaintained at 4:1while increasing the
cholesterol concentration and incorporating different ﬂuorescence
dyes for imaging. The authors reported that lipid domains were rigid
and their shapes below 30 mol % were elongated similar to the shapes
observed in the POPC/pb cerebrosides binary mixture. However, at
30 mol% the shape changed to rounded domains. At 40 mol%,
cholesterol, the domains were no longer visible indicating component
miscibility. The miscibility composition of POPC/pb cerebrosides/
cholesterol (48/12/40 mol/mol) occurs at a slightly higher choles-
terol concentration in comparison to the literature for DOPC/
palmitoyl (and egg) sphingomyelin/cholesterol according to provided
ternary phase diagrams at room temperature [84,85]. The LAURDAN
GP values for the pb cerebroside-enriched domains displayed a GP
value of∼0.6 up to 25mol% of cholesterolwhile the surrounding phase
displayed an increasingGPvalue from∼−0.1 to∼0.1 corresponding to
the presence of coexisting liquid-disordered/solid-ordered phase but
gradually shifting to coexisting liquid-ordered (POPC-rich phase)/
solid-ordered phase. At 30 mol% cholesterol, the GP values of the
domains decreased to∼0.5 and at 35mol% cholesterol a coexistence of
domains with two different GP values (∼0.15 and ∼0.4) occurs. The
authors attribute this behavior to a gradual change of the domain lipids
to the liquid-ordered phase including lipids with two different water-
dipolar relaxation values at 35 mol% cholesterol. At 40 mol%
cholesterol, a single GP value (∼0.2) was observed throughout the
GUV membrane representing the miscibility transition to a single
liquid-ordered phase.
It appears that the phase behavior of pb cerebrosides in ternary
mixtures is intermediate between previous descriptions for ceramide
and sphingomyelin as reported by Fidorra et al. [40] whereas the
phase behavior of bb cerebrosides observed in Blanchette et al. [38]
and Lin et al. [39] ﬁts more squarely with the behavior of
sphingomyelin. The coexistence of liquid-ordered (POPC-rich
phase)/solid-ordered phase was also observed for POPC/pb ceramide
at 10–20mol% cholesterol. In addition, domains were also observed to
be rigid and of an extended shape between 0 and 20mol% cholesterol.
However, above 20 mol% cholesterol, the behaviors diverged where
the pb cerebrosides domain behavior shifts toward a liquid-ordered
phase and in contrast the pb ceramide domain behavior remains solid
like (for details see [40]). Similarly, sphingomyelin-rich domains in
ternary mixtures undergo a transition from solid-ordered to liquid-
ordered behavior. However, in the case of DOPC/PSM or ESM/
cholesterol, the transition is complete at less than 10mol% cholesterol
with similar DOPC/sphingomyelin ratios, compared to 30 mol%
observed for pb cerebrosides. The authors attribute the persistence
of the solid-ordered phase in the pb cerebrosides and ceramides to the
Fig. 8. (a) Line tension (γ) measurements as a function of cholesterol mole percent for
bb cerebroside-rich domains in PC (60 mol%)/bb cerebrosides/cholesterol SLBs. Error
bars represent standard deviations from the best ﬁt to Eq. (1). (b) Nucleation rates (J) as
a function of cholesterol mole percent calculated at 1/TΔT=0.0045. Note, by
comparison to Fig. 2c, there is an inverse relationship between J and A/P of domains.
Adapted from [44], copyright (2008) with permission from Biophysical Journal
published by Elsevier.
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cerebrosides to more liquid-like behavior at high cholesterol
concentration to the relatively larger headgroup in comparison to
ceramides. In contrast, DOPC (and POPC)/bb cerebrosides/cholesterol
displays phase behavior that ﬁts well onto a ternary phase diagram of
DOPC/PSM/cholesterol. This is characterized by solid-like domains
below 8 mol% cholesterol (a 2-phase region), coexistence of solid-like
and liquid-like domains at 8 mol% cholesterol (a 3-phase region), and
above 8 mol% cholesterol liquid-like domains (a 2-phase region). The
ternary phase behavior of DLPC/bb cerebrosides/cholesterol may be
best compared to a mixture also containing DLPC, DLPC/DPPC/
cholesterol studied by Feigenson and Buboltz [81]. Neither ternary
mixture displaysmicroscopic liquid-ordered domains. The domains in
both mixtures form an extended rigid network. The miscibility
compositions should not be compared to each other because DLPC
and DPPC have relatively closer Tm values in comparison to DLPC and
bb cerebrosides. Therefore, the behavior of bb cerebrosides in ternary
mixtures is closest to PSM, ESM, or a saturated PC lipid that do not
have an extensive hydrogen bonding network.
The differences in behavior between pb cerebrosides and bb
cerebrosides obviously have to do with the details of the molecular
structure of the lipids in each mixture. The bb cerebrosides (from
Matreya, Pleasant Gap, PA) is a mixture of 53 mol% hydroxylated and
47mol% nonhydroxylated GalCer with 75% saturated (mainly 24:0) and
25% singly unsaturated (mainly 24:1) and tail lengths varying from18 to
27 carbons. Thepb-cerebrosides (fromAvanti Polar Lipids, Alabaster, AL)
is a complex mixture of GalCer with 49% saturated (mainly 24:0 and
22:0) and 11% unsaturated (mainly 24:1) and a 24:0-NFA-GalCer as the
predominant species. However, the chain length/degree of unsaturation
for the rest of the cerebroside components (40%) is not given by Avanti
Polar Lipids. An educated guess might bring one to the conclusion that
the bb cerebrosides used in this study contained more 2-hydroxylated
cerebrosides, associated with weaker intermolecular interactions,
compared to the pb cerebrosides. Further studies aimed at more
thorough compositional and thermodynamic analysis of cerebroside
extracts (in addition to identical sample preparation methods) should
point to the molecular and thermodynamic features that inﬂuence
partitioning of cholesterol to the cerebroside-rich domains.
It is also clear that a detailed understanding of cerebrosides phase
behavior in ternary mixtures would be beneﬁted by future use of
puriﬁed fractions of cerebrosides or synthesized GalCer of a uniform
chain-length and extent of hydroxylation. Such a study was taken on
recently by Maunula et al. [28], where they compared the association
of cholesterol with palmitoylated neutral glycosphingolipids (galac-
tosyl-, glucosyl- and lactosylceramides) in ternary vesicles containing
POPC as the ﬂuid lipid component. However, the cholesterol
concentration usedwas 10mol% rather than a range of concentrations
where a shift in the behavior of the domains might have been
observed as discussed above. For POPC/glycosphingolipid/cholesterol
(60/30/10, mol/mol) it was found that all glycosphingolipids were
poor in forming sterol-enriched liquid-ordered domains compared to
palmitoyl-sphingomyelin as detected mainly by cholestatrienol
quenching. In comparison at similar POPC/bb cerebroside ratios Lin
et al. [39] found a transition at ∼10 mol% cholesterol for POPC/bb
cerebrosides/cholesterol from solid-ordered to liquid-ordered behavior
and Fidorra et al. [40] found a transition for POPC/pb cerebrosides/
cholesterol at ∼30 mol% cholesterol.
Fidorra et al. [40] found that the pb cerebrosides-rich domains in
their POPC/pb cerebrosides/cholesterol GUVs were of similar ex-
tended shape until 30 mol% cholesterol where they became rounded
with soft boundaries. These extended shapes resembled fairly closely
the rigid network domain shape found in DLPC/bb cerebrosides/
cholesterol GUVs by Blanchette et al. [38] (Fig. 1, 10 and 20% chol).
Both authors concluded that these domains were in a solid-ordered
phase. However, as discussed in the previous section on binary
mixtures, the shapes were not clearly characteristic of an underlyingcrystalline structure. For domains in POPC (and DOPC)/bb cerebro-
sides/cholesterol, the domain shapes were more rounded and could
not be described as networked or extended.
3.2. Determinants of domain shape
Lin et al. [39] showed that the area/perimeter ratio (A/P) of bb
cerebroside-rich domains in ternary SLBs showed trends with
increasing cholesterol that depended upon the tail unsaturation of
the PC species. Qualitatively, these observations for domain A/P ratio
agreed with the observations in GUVs. However SLBs were used for
quantiﬁcation because the A/P ratio could be accurately quantiﬁed by
AFM. The A/P ratio depends strongly on domain size, with larger
domains having much higher A/P ratios. The A/P, thus, depends
inversely upon nucleation rate (J) which in turn depends upon line
tension (γ) according to classical nucleation theory. A more direct
measurement of γ in these ternary systems was obtained in
Blanchette et al. [44] by measuring the nucleation rate in under-
cooling conditions combined with AFM (technique described in
Section 2.2). Indeed, trends in J (Fig. 8b), calculated using measured
1365M.L. Longo, C.D. Blanchette / Biochimica et Biophysica Acta 1798 (2010) 1357–1367γ values compare inversely to the trends in the A/P ratio (Fig. 2) of bb
cerebroside-rich domains in the same ternary mixtures as a function
of cholesterol.
Lin et al. [39] explained the differences in γ values in the ternary
systems through differences in cholesterol preference for the PC
species and height mismatch as summarized in Fig. 9. The measured γ
values (Fig. 8a) at 0 mol% cholesterol reﬂect the relative height
mismatches between bb cerebroside-rich domains and surrounding
PC lipid region as measured by AFM (POPC/bb cerebrosides have the
smallest height mismatch and γ). Reductions in γ at ≤5 mol%
cholesterol reﬂect the relative propensity of cholesterol to form
liquid-ordered phase with species of varying chain unsaturation
(DLPCNPOPCNDOPC) [77–79]. This appears to be a boundary effect
(see Fig. 9), and, therefore, dramatic changes in heightmismatchwere
not seen. Above 5 mol% cholesterol the γ behavior reﬂects the
partitioning of cholesterol with species of varying chain unsaturation
where again DLPCNPOPCNDOPC [80]. For DLPC/bb cerebrosides/
cholesterol mixtures, γ remains lowered and constant reﬂecting
strong partitioning of cholesterol in the saturated DLPC phase (see Fig.
9a) preventing the solid-ordered to liquid-ordered phase transition of
the bb cerebroside-rich domains in agreement with GUV observa-
tions. For POPC/bb cerebrosides/cholesterol and DOPC/bb cerebro-
sides/cholesterol the γ values adjust to obtain very similar values at
10 mol% cholesterol and similar height mismatch at 10 mol%
cholesterol measured by AFM. The similarity in values was related
to weaker partitioning of cholesterol in the POPC-rich and DOPC-rich
regions (see Fig. 9b and c) allowing for the solid-ordered to liquid-Fig. 9. Proposed model of partition behavior of cholesterol and the accumulation of choleste
(b) POPC/bb cerebrosides/cholesterol mixtures, and (c) DOPC/bb cerebrosides/cholesterol
ﬂuid phase region whereas in (POPC or DOPC)/bb cerebrosides/cholesterol mixtures ch
cholesterol at the domain interface is depicted in the magniﬁed part of the bilayers. Cholester
is lowered. Interaction between cholesterol and DOPC is so weak that this extension is unlike
[39], copyright (2007) with permission from Biophysical Journal published by Elsevier.ordered phase transition in the domains as observed in the GUVs. The
height mismatches measured at 0 mol% cholesterol and 10 mol%
cholesterol are consistent with previous measurements by Le
Grimellec et al. [86] who studied a POPC/sphingomyelin/cholesterol
mixture by AFM. In the liquid-disordered/liquid-ordered coexistence
region the γ for a single leaﬂet (1.3 pN at 15 mol% cholesterol) was in
good agreement with the measurement by Baumgart et al. [66] for
two leaﬂets in registry, 3.3 pN at 16 mol% cholesterol or ∼1.5 pN for
each leaﬂet for DOPC/ESM/cholesterol.
To summarize these ﬁndings for ternary mixtures, comparisons
between headgroups (ceramide vs. cerebrosides) and tail unsatura-
tion of the PC lipid have demonstrated that both can impact
cholesterol-dependent phase behavior of the domain phase. In the
future, it would be interesting to investigate the phase behavior of
DOPC/pb cerebrosides/cholesterol mixtures. The increased unsatura-
tion in the PC species (compared to POPC) may lead to enhanced
partitioning of cholesterol into the cerebroside-rich domain phase and
a lowered cholesterol concentration (below 30 mol%) for the
transition to a liquid-ordered phase. In all of these studies, it is clear
that distribution of cholesterol in these ternary mixtures has a
noticeable impact upon domain shape. An important component to
this shape effect is the line tension at the domain boundary because
according to the classical theory of nucleation, the nucleation rate (and
thus number of places where domains begin to form) is exponentially
dependent upon γ2 (see Eq. (1)). γ and the exact thermal conditions of
domain formation control the rates of competing processes (nucle-
ation, growth, edge diffusion, and coarsening processes like Ostwaldrol at bb cerebrosides domain edges in (a) DLPC/bb cerebrosides/cholesterol mixtures,
mixtures. In DLPC/bb cerebrosides/cholesterol mixtures, cholesterol partitions in the
olesterol partitions in both ﬂuid regions and bb cerebrosides domains. The effect of
ol may extend DLPC or POPC at the domain perimeter such that the domain line tension
ly to be pronounced enough to have an impact on domain line tension. Reprinted from
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shapes and sizes that will be observed at various time points.
Theoretically, line tension is related strongly to height mismatch and
mechanical moduli of the interface (equation 16 in [87]), therefore,
cholesterol dependent changes in shape are caused by more
fundamental phenomena, for example, enhanced mixing between
domains and surroundings. Very few experimental studies exist
currently to test these relationships [44,66,88]; however, it is expected
that this is a rich area for future study.
4. Conclusions
A number of conclusions have been made or conﬁrmed via the
microscopy investigations described in this review.
In binary systems, cerebrosides phase separate to form cerebroside-
rich domains, when combined with much lower Tm species, and they
canmix with cholesterol to form a liquid-ordered like phase. These are
characteristics found in sphingomyelins or phosphatidylcholines.
Cerebrosides display differences from ceramides in a binary system,
importantly in that a much higher percentage can be included in the
lipid bilayer and similarities in the extended shape of cerebroside-rich
solid-ordered domains. It may be too early to relate the shapes of
cerebroside and ceramide-rich domains to underlying crystalline
structure or intermolecular hydrogen bonding. Domain shapes/
patterns derive from a number of competing factors and rate processes
including binding (reaction), diffusion, nucleation location, nucleation
density, membrane tension, and ﬁnally line tension and edge diffusion
(the restoring force and rate processes that drive the domain toward a
shape closely reﬂecting its underlying crystal structure). Nucleation
rate, line tension, growth kinetics, edge diffusion, and cooperativity
have been characterized for asymmetrically distributed solid-ordered
cerebroside-rich domains to demonstrate these factors and rate
processes at work.
In ternary systems (phosphatidylcholine/cerebrosides/cholesterol),
it can be concluded that cerebrosides are capable of forming liquid-
ordered domains. We could speculate, based upon the work presented,
that the presence of the liquid-order transition, and the cholesterol
concentration and temperature where it will occur, depends upon the
degree of hydroxylation of the secondary acyl chain of the cerebrosides
and the degree of unsaturation of the phosphatidylcholine lipid. Further
studies should test this hypothesis. Cerebrosides from both bovine and
porcine sources displayed an extended network pattern of solid-
ordered domains in the presence of cholesterol that could be related
to an underlying crystalline structure, and further careful studies should
explore this possibility. However, this pattern could be reﬂective of a
lowered line tension.Area/perimeter ratios of cerebroside-richdomains
were shown to be clearly related to line tension, which controls
nucleation rate. Differences in line tension were related to cholesterol
preference for thephosphatidylcholine species (from the literature) and
height mismatch.
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